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Plug-in Hybrid Technology

 Public concerns: global warming on GHG emissions and
foreign oil dependency in the US transportation sector

 Plug-in hybrid electric vehicle (PHEV) is considered as a
potential technology to address these issues

+ Net effects of PHEVs depend critically on vehicle design and
battery technology

What are the economic and environmental implications
of plug-in hybrid vehicles?
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PHEV Powertrain System
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PHEV Literature Review

» Prior PHEV Studies
- EPRI Report (2001)
- Simpson [NREL] (2006)
- EPRI-NRDC Report (2007)
- Lemoine, Kammen, and Farrell [UC Berkeley] (2008)
- Samaras and Meisterling [CMU-EPP] (2008)
o Kromer and Heywood [MIT] (2009)
> Sioshansi and Denholm [NREL] (2009)
- NRC PHEYV analysis report (2009)
> Plotkin and Singh [ANL] (2009)
» This study focuses on the implications of optimal PHEV designs
and driver allocations on life cycle performance

What are the best vehicle choices to reducing life
cycle GHGs, cost and fuel consumption?
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PHEV Optimization Framework
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PHEV National Battery
Performance Driving Data Degradation
Metamodel for Distribution for Model for
simulation data driving distance battery life

B S \ 2

Optimization Model
Minimize total fuel/cost/GHGs
with respect to design and allocation
subject to vehicle design constraints

b _4

Solutions
Optimal vehicle types, driver-vehicle
allocations and design decisions

Benevolent dictator to determine optimal PHEV
designs and driver allocations for social objectives
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PHEV National Battery
Performance Driving Data Degradation
Metamodel for Distribution for Model for
simulation data driving distance battery life

Vehicle Simulation Y e

Optimization Model
Minimize total fuel/cost/GHGs
with respect to design and allocation
subject to vehicle design constraints

» Use the Powertrain Systems Analysis Toolkit L 2
(PSAT) vehicle simulator developed by Argonne
National Laboratory (ANL)

» Start with a model of a Toyota Prius

» Use EPA UDDS cycles to test PHEV performance

Solutions
Optimal vehicle types, driver-vehicle
allocations and design decisions

I
=
-2
X

nnnnnnnnnnnnnnn

CS Norman Shiau - Implications of Optimal PHEV Design and Allocation



PHEV
Performance
Metamodel for
simulation data

National
Driving Data
Distribution for
driving distance

Daily travel distribution

Battery

Degradation
Model for

battery life

Minimize total fuel/cost/GHGs
with respect to design and allocation
subject to vehicle design constraints

Optimization Model

- 4

Solutions
Optimal vehicle types, driver-vehicle
allocations and design decisions

*‘II NHTS gitri(?\lr]aatli;9slj?-?2\?é? Travel Survey

* Use the 2009 NHTS data to estimate the national average
distance driven per day over the population of drivers

* Size of the 2009 survey: 136,410 households
* We fit the weighted driving data using the exponential distribution
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Probability density function
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Daily driving miles

Federal Highway Administration, 2010, "National Household Travel Survey 2009," Department of Transportation, Washington, DC.
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PHEV National Battery
Performance Driving Data Degradation
Metamodel for Distribution for Model for
simulation data driving distance battery life

A 4

Optimization Model
Minimize total fuel/cost/GHGs

Battery degradation

with respect to design and allocation
subject to vehicle design constraints

b 4

Solutions
Optimal vehicle types, driver-vehicle
allocations and design decisions

1 6

2 Peterson o Rosenkranz

3 energy-based £ DOD-based

Sooe{ Ry, mModel 0105\ Mmodel

= T

P c

o) o

& Q0

©0.92 - s &= 104

> %, >

= : o

S |LiFePO, cell =

™ 0.88 : : l l M 103 N
0 1x10% 2x103 3x103 4x103 0O 02 04 06 08 1
Normalized energy processed Depth of discharge per cycle
(Wh processed / Wh capacity) (%)

Markel and Simpson [NREL] (2006)
Simpson [NREL] (2006)
Kromer and Heywood [MIT] (2009)

Peterson, S.B., Whitacre, J.F., and Apt, J. (2010) Lithium-lon Battery Cell Degradation Resulting from Realistic Vehicle and

Vehicle-to-Grid Utilization. Journal of Power Sources. 195(8) 2385-2392.
Rosenkranz, K. (2003) Deep-Cycle Batteries for Plug-in Hybrid Application. Presentation in EVS-20 Plug-In Hybrid Vehicle

Workshop, November 16-19, Long Beach, CA 10
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PHEV National Battery
Performance Driving Data Degradation
Metamodel for Distribution for Model for

Estimated battery life g =l
using two models

Minimize total fuel/cost/GHGs
with respect to design and allocation
subject to vehicle design constraints

b 4

Solutions

- Rosenkranz model - Peterson model  [Teccsiineand'sesonsecsions
* Not account for the battery - Tested under variable C-rate

degradation in CS mode because
of no DOD variation

» Can be too optimistic for short
distance driving

» Account for energy processed
in CS mode and charging
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Plots using a PHEV40 with battery

9.5kWh and swing at 80% 11
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PHEV National Battery
Performance Driving Data Degradation
™ ™ = Metamodel for Distribution for Model for
o bJ e ct l ve F u n ct I o n s simulation data driving distance battery life

Optimization Model
Minimize total fuel/cost/GHGs
with respect to design and allocation
subject to vehicle design constraints

-

Solutions
Optimal vehicle types, driver-vehicle
allocations and design decisions

Design variables:

x = vehicle design variable (engine, motor, battery and swing)
s; = vehicle allocation range

Fuel consumption per day:
SG
f5 (X, 8) = 77— n = efficiency (miles/kWh or miles/gal)
G
Average lifecycle GHG emissions per day:
Buy: /T T: vehicle life year

Lease: Vy/B B: battery life year
D: driving days per year

V.
Iy (X, 8) =vop + ;’_’z; +{
operating

vehicle battery

Equivalent annualized cost (EAC) per day:

L (%8)= 0 CRF(RT) | Gy~ CRE(K,T) +i{Buy: Cour - CRF (1, T)
CRF(rR,T) D D |Lease: Gy, CRF (K, B)
operating vehicle battery
I: nominal (market) discount rate
Constraints: Iy: real (inflation-free) discount rate

0-60mph acceleration time, minimum SOC after multiple US06 cycles

12
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Core concept of the optimization model

Objective function per day pdf of distance
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Assumptions

e Fuel and electric efficiency estimated by UDDS cycles
e $400 per kWh Li-ion battery pack cost (PHEV)

» $600 per kWh NiMH battery pack cost (HEV)

« $3.30 per gal gasoline (2008 average)

» $0.11 per kWh electricity (2008 average)

e 0.69 kg-CO,-eq/kWh grid emission (US average mix)
» $0 per ton-CO,-eq allowance price

» 5% discount rate

» EPRI powertrain cost model

» Buy-lease battery replacement

» Peterson battery degradation model
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Optimal PHEV Designs and Allocations

Minimum Fuel Minimum Minimum

© Consumption Lifecycle GHGs Lifecycle Costs
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Base case settings:
Buy-lease battery replacement, Peterson battery degradation model, $400/kWh Li-ion battery cost, $600/kWh

NiMH cost, $3.30/gal gasoline, $0.11/kWh electricity, grid emission 0.69 kg-CO,-eq/kWh, $0/ton CO,-eq
allowance price, and 5% discount rate 15
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Breakdown analysis

Assume travel distance 30 miles a day

Lifecycle EAC

Lifecycle GHGs
14
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12 B GHGs on battery
B GHGs on vehicle
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Sensitivity analysis for min. GHGs

US average grid mix:  0.69 kg-CO,e/kWh (Weber et al., 2010)

* Nuclear: 0.07 kg-CO,e/kWh (Sovacool, 2008)
- IGCC w/ CCS: 0.25 kg-CO,e/kWh (Jaramillo et al., 2009)
* Natural gas: 0.47 kg-CO,e/kWh (Weisser, 2007)
+ Coal: 0.90 kg-CO,e/kWh (Weisser, 2007)
Min. GHGs base case = m“e:HEviim l::Fva7
7.73kgCO2elvehicle-day PHEV27 3
Nuclear 37 miles 62 miles
3.22kgCO2elvehicle-day PHEV36 PHEV6UPHEVS?
IGCC-CCS 37 miles 62 miles
4,60 kgCO2elvehicle-day PHEV36 PHEV59PHEVSY
Natural gas 37 miles 65 miles
a
6.20 kgCO2elvehicle-day PHEV34 PHEVS57 PHEV+7
Coal
8.19kgCO2e/vehicle-day HEV

Population (%) 0%
Daily distance (miles) 0
VMT (%) 0%

20% 40% 60% 80% 100%
54.5 200

7.5 173 310
2% 10% 24%
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Sensitivity analysis for min. cost

: 20 miles 51 miles
_ _ '\g';z ‘;‘;St kr)fsle Zase PHEV16 PHEV25 HEV
« Consider 3-vehicle segment as ____*"~vende-day 3Tmies _ 65 mies
base case L"g’glggﬁirgifé?gg\/\/h PHEV19 PHEV35 | PHEV25
 High battery cost, low gas price Li-onbattery$1000kWh HEV
. . 7.39/vehicle-d
and high elec. price make $G = 'C; ;Oy/ |
i, asprice $1.50/ga
PHEV not cost competitive $6_1%,Vehic.e_d2y HEV
i 20miles | 38 miles
* To make PHEVs part of the %?Ss%r}sgrﬁggggil PHEV17 PHEV32 | PHEV49
least-cost solution: S Erice 50 06KWH 23 miles 69 miles
Li-ion < $590/kWh at 5% §7.02Nehicle-cay il =
Li-ion < $410/kWh at 10% Elec. price $0.30KWh HEV
$7.39/vehicle-day — g
miles miles
Nm.discount rate 10%
$9.31/vehicle-day cv PHEV18 HEV
20 mil 50 mil
Carbon price $100/ton IeiHEvze ( I::Evzo
$8.05/verhicle-day PHEV16
Population (%) 0% 20% 40% 60% 80% 100%
Daily distance (miles) 0 7.5 173 31.0 545 200
VMT (%) 0% 2% 10% 24% 49% 100%
18
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ARRA tax credit vs. carbon tax

 Tax credit in the American Recovery and Reinvestment Act (ARRA) for

battery size in PHEV/EV 2000 GM Volt

|
7000 /|
Tax credit in the ARRA bill (Page 212-219) / "
6000 / |
|
. . , , & 5000 . '
Light-duty vehicles: Vehicle base amount is = Prius / I
$2,500 for a PHEV can draw propulsion energy 'ﬁ 4000 plug-in :
from a battery with not less than 5 kWh of capacity S I ;
(base $417), plus $417 for each kWh of capacity in lc_’é 3000 ' 1
excess of 5 kilowatt hours. Total amount for battery :
shall not exceed $5,000. Thus the tax credit can be 2000 :
calculated by I
min($7500, $2500 + $417 + $417*(kWh — 5)) 1000 .
|
0 T T !

0 5 10 15 20

Battery size (kWh)

* ARRA incentivizes PHEVs with larger batteries (AER 33-49), which results
in 6% higher social costs than under a $100/ton CO, tax scenario

ARRA: http://fdsys.gpo.gov/fdsys/pkg/BILLS-111hr1ENR/pdf/BILLS-111hr1ENR.pdf
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More sensitivity tests

* Alternative vehicle base costs and powertrain cost models
=» The base case optimal solution is robust

autoblogoreen\

Battery life must outlast vehicle life
= Optimal battery swing reduced 2-5%

BmEAKING NEWS) REPORT: Think will build U.S. plantin Indiana, appoints two new execs

Nissan to lease LEAF battery for $150/month

-Battery leasing (prorated: paid per portion)
=>»Larger battery packs with reduced swings

-Battery end of life (EOL) at 20% capacity fade
= Makes PHEVs less cost competitive

*Rosenkranz DOD-base degradation model
=» Optimal PHEV11 with a 5.2 kWh battery at 39% swing
(a battery size equivalent to a PHEV23 at 80% swing)

20
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Take away 1

- Large PHEVs with AER > 50 miles can reduce
petroleum consumption

- PHEVs with AER 25-50 miles can reduce GHGs

- PHEVs with AER 15-25 miles for short distance travel
and HEVs for longer distance travel can save cost

- Li-ion battery pack cost below $590/kWh at a 5%
discount rate (or below $410/kWh at 10%) to make
PHEYV part of least-cost choice

CS Norman Shiau - Implications of Optimal PHEV Design and Allocation
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Take away 2

» Battery swing in excess of 60% with LiFePO,
technology should be utilized to achieve minimum life
cycle cost, GHGs, and petroleum consumption

» Carbon allowance prices have marginal impact on
optimal design or allocation of PHEVs

» Battery tax credit in the ARRA bill may result in higher
net costs than under a $100/ton CO, tax scenario

22
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Future work

o Consumer and market behaviors

» PHEV performance on real-world driving cycles

» Uncertainty in GHG emissions
- Regional effects, charge timing, and marginal dispatch

» Battery technology

> Thin-electrode for high-power and thick-electrode for high-energy
batteries

- Calendar (storage) degradation
- Blended-mode PHEVs

» Gasoline prices and grid characteristics can become
endogenous after significant PHEV market penetration

23
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